Tritium has been used to study certain aspects of endogenous and exogenous cholesterol metabolism in normal and hypercholesterolemic rabbits. Special attention is given to turnover studies on aortic cholesterol. Labeled cholesterol has been used for feeding experiments an(l the subsequent rise of serum cholesterol specific activity has been investigated. G OFMAN and co-workers' have made observations on the mode of transport of cholesterol in lipoprotein molecules in serum, and have presented evidence to link the appearance of certain of these lipoprotein molecules in human serum with the development of atherosclerosis. A general study of these molecules has been undertaken in this laboratory, directed toward gaining a fuller knowledge of their origin, function and fate, and thus clarifying their position in the pathogenesis of atherosclerosis. Cholesterol metabolism necessarily occupies a position of prominence in this study. Lipoprotein molecules similar to those occurring in human serum are to be found in great concentration in the hypercholesterolemic rabbit laying down atheromas, and for this reason the rabbit has been selected for this preliminary study. This report will present some observations on the fate of exogenous and endogenous cholesterol in normal and hypercholesterolemic rabbits.
Bloch and Rittenberg. The specific activity of this labeled cholesterol so prepared was not altered by refluxing with 30 per cent potassium hydroxide in 50 per cent alcohol for eight hours followed by 24 hours of standing at room temperature, indicating a stable tritium linkage in the tracer compound in the sense that exchange of tritium atoms for hydrogen atoms does not occur in an aqueous solution. Fukushima and Gallagher5 have shown that in deuterium-labeled cholesterol prepared in this way 46 per cent of the total label is to be found in the vicinity of the A5-3-hydroxyl system and that the other 54 per cent is concentrated in the isopropyl group of the isooctane side chain. Interpretation of results obtained with hydrogen-labeled cholesterol must be made cognizant of the fact that the metabolism of cholesterol hydrogen is being observed.
The specific activity of tissue cholesterol was determined as follows: All samples were carefully stripped of macroscopic fat, and aweighed, wet tissue sample was refluxed in 30 per cent potassium hydroxide in 50 per cent alcohol for eight hours. The alcohol was partially removed and the cholesterol extracted with ether. The ether extract was washed with water, dried with sodium sulfate, and evaporated to dryness. The residue was taken up in hot alcohol and made up to a known volume. An aliquot of this solution was taken for cholesterol analysis according to the method of Schoenheimer-Sperry as modified by Sobel and Mayer.6 A second aliquot was taken at the same time for specific activity determination. A known amount of carrier, approximately 100 mg. of cholesterol, was usually added at this point. This mixture was warmed and an excess of digitonin, 1 
per
Circulation, Volume I V, July, 1951 cent in 80 per cent alcohol, was added. The digitonide was washed with 95 per cent alcohol, acetone-ether (1:2), and with anhydrous ether. The sample was dried in a 75 degree oven for 24 hours.
The dried cholesterol digitonide samples were burned and the water formed trapped in a dry ice-acetone bath. Hydrogen was generated from this water sample with lithium aluminium hydride (LiAlH4) to fill an ionization chamber. The activity of the tritium-hydrogen mixture was measured with a vibrating reed electrometer. The specific activity of the tissue. cholesterol was calculated employing a molecuilar weight of cholesterol digitonide equal to 1615, empirical formula of C83H138030. The specific activities as recorded refer to the measured electrometer drift per unit time of a unit volume of cholesterol hydrogen or water hydrogen as the case may be. With the filling system and technic employed, the standard deviation in the measurement of specific activity of a standard water sample was +4 per cent; the standard deviation in the determination of tissue cholesterol specific activity was +t7 per cent.
PART 1
To obtain data on the turnover rates of cholesterol in various tissues in the normal rabbit, particularly aorta, 7 rabbits, 3 female and 4 male animals, were selected. These animals received an initial priming subcutaneous injection of tritium-water followed by a smaller daily injection designed to keep the specific activity of the body water as near a steady state as possible. Periodic blood samples were taken at from one to four day intervals for determination of the body water specific activity. The specific activities found were plotted against time and an average determined for each animal. The blood samples were taken eight hours after the preceding tritium-water injection. It had been shown in animal 1, by making six body water specific activity determinations in the first six hours and then two more at 12 and 24 hours after a single tritium-water injection, that the specific activity reached an equilibrium value in about four hours. A sample taken eight hours after the labeling injection approximated the average value for the day. Samples of adrenal, kidney, and aortic cholesterol were run in the case of rabbit 1 to check the methods used against the incorporation of random activity. This animal's body water had been labeled for only one day and it was known that after this short a time the specific activity of the cholesterol in these three sites would not be sufficient for measurement by the technic employed unless some form of label contamination occurred. In no case was there sufficient activity to be measured.
The 7 animals were killed serially; the specific activities of cholesterol found in the various organs as well as the average body water specific activities are summarized in table 1.
The half times for liver cholesterol in the animals examined varied widely, roughly from 10 to 20 days. The serum cholesterol specific activity approximated that of the liver cholesterol in all animals examined, suggesting a relatively rapid exchange of cholesterol between hepatic and serum cholesterol pools, since the liver undoubtedly supplies the bulk of the in vivo synthesized cholesterol of the serum.
Turning attention to the aorta it would seem possible to make some approximation of the turnover rate of aortic cholesterol from the data at hand. The following assumptions will be made: (1) that the aortic and serum cholesterol in the normal rabbit for the purpose of this calculation can be treated as single metabolic pools; (2) that cholesterol returning to the serum from the aorta will be in such small amounts as not to alter appreciably the specific activity of the serum cholesterol; and (3) that the turnover of aortic cholesterol uses the serum cholesterol as its major donor pool. It has been demonstrated in this laboratory in normal rabbits fed labeled cholesterol that both the serum and aortic cholesterol becomes labeled. Cholesterol synthesized within aortic tissue is neglected in this calculation. Then the turnover rate of aortic cholesterol can be estimated by solution of the equation dN/dt = kN1 -kN* where N is the specific activity of the aortic cholesterol and N1 equals the specific activity *dN/dt -kC(1 -e -kN N= C 1 i of the serum cholesterol. N1 will increase according to the usual growth of activity curve [N1 = C(1-e1lt)] and the equilibrium value C has been shown to be half the specific activity of the body water.'' The growth constants for specific activity of serum and aortic cholesterol are ki and k respectively.
Solving for k for rabbits 4, 5, and 6, one gets -0.29, -O.1O and -0.57 respectively, or half times of 2.4, 6.9, and 1.2 days for aortic cholesterol in normal rabbits. Whether or not it is permissible to neglect cholesterol synthesized within the aorta must await further study. constant level. In the first 2 animals exogenous cholesterol could be identified; in the second 2 endogenous cholesterol would be labeled. It was felt that a comparison of aortic cholesterol specific activities in the 4 animals at the end of the experiment would give some idea of what fraction of the cholesterol in the atherosclerotic aorta is of endogenous and what fraction of exogenous origin. In order to conserve tracer cholesterol it was deemed advisable to select animals which had been "primed" with unlabeled cholesterol. So the 2 to be given tritiumlabeled cholesterol were first fed unlabeled cho- 
PART 2
It seemed desirable to actually observe the deposition of fed cholesterol in the atheromas of the hypercholesterolemic rabbit although the circumstantial evidence indicated that such occurred. The general plan was to feed 2 rabbits tracer' cholesterol for sufficient time to tllow atheromas to develop and then to examine the aortic (holesterol for activity. Concurrently 2 other rabbits were to be fed unlabeled cholesterol for a similar period while their body water Ad as maintained labeled ith tritium at a lesterol until they developed an elevated serum cholesterol and then the tracer studies were begun. In similar fashion the animals which were to have their body, waters labeled were also allowed to develop an elevated serum cholesterol before tracer studies were started. It was known from past experience that most of the caortic deposits occurred after the hyper-
At the end of the experiment the specific activities of cholesterol in various tissues, including aorta, were determined. A summary of the findings is recorded in tables 2 an(l 3. These tables also include the feeding history of each animal and some descriptive information.
Rabbits 8 and 9 received an initial dose of labeled cholesterol of rather high specific ac-8.57. In rabbit 9 the specific activity of serum cholesterol 48 hours after the initial feeding was found to be 4.28. The dosages of labeled cholesterol administered to each rabbit are in- cholesterol was dissolved in Wesson oil (0.5 Gm. cholesterol per 5 c(. XWesson oil) unless otherwise indicated. The initial tritium Cholesterol doses were given by stomach tuibe following doses were given in oil poured over the rabbit's food. A comparison of the values of cholesterol specific activity in the 4 animals indicates clearly that most of the cholesterol in the tissue deposits of cholesterol fed rabbits, including aortic atheromas, are of exogenous origin. In rabbits 8 and 9 the specific activity of tissue cholesterol has begun to approach the specific activity of those fed labeled cholesterol even though the rabbits were "hypercholesterolemic" before tracer feedings were begun. Con- 11, ewe knowl from Part 1 that the synthesis rate of cholesterol in the normal animal is sufficiently rapid that in animals with a labeled body water the specific activity of the tissue cholesterol after 30 days approaches one-half the body water value (see rabbit 7). The specific activities of tissue cholesterol in rabbits 10 and 11 are only a very small fraction of this saturation value. The results here are again consistent with the absorption of large amounts of exogenous cholesterol.
It is noteworthy that cholesterol synthesis continues in the rabbit even in the face of massive cholesterol dosage by mouth, and a small amount of endogenous cholesterol is also to be found in the atheromatous aorta. Whether the rate of cholesterol synthesis is depressed by oral cholesterol feedings cannot be answered from the presented data, for the turnover rates of cholesterol in the tissues of hypercholesterolemic rabbits are not known. More work must be done to establish what dependence, if any, the in vivo cholesterol synthesis rate has on the amount of ingested cholesterol.
PART 3 To obtain some information on the fate of oral cholesterol, 5 rabbits were selected and each was fed by stomach tube a single dose of tritium-labeled cholesterol dissolved in warm Wesson oil. Then the specific activity of serum cholesterol was determined periodically in each case, and at death the specific activities of the cholesterol in the liver, adrenal glands, kidneys, and lungs were measured. The 5 animals of the experiment consisted of 1 normal animal, 3 hypercholesterolemic animals, and 1 "resistant" animal. The "resistant" animal had received cholesterol feedings for a total of 171 days. The total serum cholesterol had risen to only 222 mg. per cent. The ultracentrifugal pattern according to the technic of CTofman and associates' showed only a slight trace of "abnormal" molecules in the Sf 10-20 class. No atheromas were found in the aorta at death. The 3 hypercholesterolemic animals were strongly positive for Sf 10-30 class molecules and all had atheromas in the aorta at death. All animals received essentially the same oral dose of tritium-labeled cholesterol. The normal animal, one hypercholesterolemic rabbit, and the "resistant" animal were killed seven days after the tritium cholesterol feeding. The other 2 hypercholesterolemic animals were killed at 12 hours and 10 days respectively. A summary of the findings in these 5 animals is presented in tables 4, 3, 6, 7, and 8.
Only a relatively small portion of the label, fed as tritium-labeled cholesterol to these animals, was accounted for in the cholesterol of the serum, liver, adrenal glands, kidneys, and lungs at the end of each experiment. Less than be found seven days after the labeling feeding in the cholesterol of these sites in the normal (no. 12) and "resistant" (no. 14) animals. There was, however, more than four times this amount (-26 per cent) in the same sites in the hypercholesterolemic animal (13) also killed seven days after the initial tritium cholesterol feeding. sacrificed 12 hours after feeding to see if this delay was due to storage of exogenous cholesterol in the liver prior to its liberation into the serum. No evidence that this occurs was obtained, for the specific activity of liver cho- lesterol in this animal was found to be very low. It has been observed that such a fatty meal as the animals received when fed 10 cc. of Wesson oil causes anorexia for two or three days and a reduction in the bulk of the stools, and it is felt that the delayed maximum in the specific activity of the serum cholesterol is due to delayed absorption. The chow taken and the weight of the stools after the fatty cholesterol meal are given below for rabbit 13. It was soon observed that the growth of activity in the free and total cholesterol fractions of the serum proceeded at different rates. The esterified cholesterol reached a higher maximum specific activity and reached it sooner. (See figs. 2 and 4 .) The same sequence of events occurred in the "resistant" rabbit as did in the hypercholesterolemic animal examined.
If the descending values of the specific activities of free cholesterol of figure 2 are plotted on semilog paper ( fig. 3 ), one obtains a half time of about five days for free cholesterol of the serum of the hypercholesterolemic animal studied. The more rapid rise and fall of specific activity in the esterified cholesterol of the serum suggests that its turnover rate is more rapid than that of the free cholesterol. From figure  1 it can be seen that the half time of total serum cholesterol in the normal animal during the period of observation was about two days. Thus, if the half time in normal animals is about two days and that for the hypercholesterolemic one something less than five days, it is readily seen that the hypercholesterolemic animal was turning over in the serum many times the quantity of cholesterol handled by normal rabbit in serum per unit time.
Further data on the half time of serum cholesterol in a hypercholesterolemic rabbit was ,obtained in the following way. A donor animal with a total serum cholesterol level of 1980 mg. per cent was given tracer cholesterol dissolved in 10 cc. of Wesson oil. On the third day following administration of the cholesterol 25 cc. of blood were withdrawn and 11 cc. of serum therefrom administered intravenously to rabbit 17. This animal weighed 4450 Gm. and had a total serum cholesterol of 1512 mg. per cent. Eleven cc. of blood were withdrawn 30 minutes after the injection for the zero point and the subsequent results are recorded in figure 5 .
There is evidence of more than one metabolic component. Whether or not these components are comprised of the various fractions as separated by Gofman' (Sf 8-10; Sf 17-20; etc.) must await further study.
The specific activity of the aortic cholesterol in the normal rabbit 12 was determined and found to be 1.83. The aorta of rabbit 16 was extensively involved with atheromatous deposits. The specific activity of the cholesterol here was found to be 0.16.
Much more work is needed on the turnover of cholesterol in the normal and atherosclerotic aorta. Work is at present under way to determine whether cholesterol derived from the different molecular groupings of the serum according to Gofman's technic has different turnover rates in aortic tissue.
SUMMARY
Radioactive hydrogen has been used to study certain aspects of cholesterol metabolism in the normal and hypercholesterolemic rabbit.
(1) Tritium-labeled cholesterol, when fed to normal and hypercholesterolemic rabbits, appears in the serum and eventually in all tissues examined. More of the tritium label can be accounted for in tissue and serum cholesterol in the hypercholesterolemic rabbit than in the normal animal seven days after a single tritiumlabeled cholesterol feeding.
(2) Exogenous cholesterol forms the bulk of the cholesterol in the atheromatous deposits found in cholesterol fed rabbits.
(3) Following a single tritium cholesterol feeding the specific activity of esterified cholesterol of the serum rises to a higher level, and reaches a maximum faster than the free cholesterol. Indications are that esterified cholesterol of the serum is turning over faster than free cholesterol in the time period following cholesterol ingestion. be.
(4) The turnover of aortic cholesterol in 3 normal rabbits has been observed.
(5) Cholesterol synthesis continues in the rabbit even in the face of massive, prolonged cholesterol feeding by mouth.
